OurRef.: 2635-91 



U. S. PA TENT APPLICA TION 



Inventor(s): Keiji KANAO 

Tsunenobu HORI 



Invention: A SPARK PLUG AND A METHOD OF PRODUCING THE SAME 



NIXON & VANDERHYE P.C. 

ATTORNEYS AT LAW 
1100 NORTH GLEBE ROAD 
8 TH FLOOR 
ARLINGTON, VIRGINIA 22201-4714 
(703) 816-4000 
Facsimile (703) 816-4100 



SPECIFICATION 



U5- Oliio »TM 



-l- 



TITLE OF THE INVENTION 
A SPARK PLUG AND 
A METHOD OF PRODUCING THE SAME 
BACKGROUND OF THE INVENTION 
5 1. Field of the Invention 

This invention relates to a spark plug including a central 
electrode and an earth electrode having a chip including a noble 
metal to have a gap between the chip and the central electrode and to 
a method of producing the spark plug by laser welding. 
10 2. Description of the Prior Art 

The use of a noble metal chip at the tip of the earth electrode 
of a spark plug to form a spark gap between the chip and the central 
electrode provides a long effective life of the spark plug and/ or 
reduces misfiring. 

15 U.S. patent Ser. No. 6,215,235 discloses a spark plug in which 

a noble metallic firing chip is bonded on the opposing surface of 
either a central electrode or an earth electrode by laser welding. In 
this spark plug, the base electrode member (the central electrode or 
the earth electrode) has a slender tip with a noble metal chip welded 

20 thereto by laser to provide a long effective life and excellent 
ignitability. 

U.S. patent Ser. No. 5,811,915 discloses a spark plug in which 
a noble metallic firing chip is sunk in the base electrode member, and 
then, the swelled portion around the chip is welded to the chip. 
25 In these spark plugs, the noble metallic firing chips on the 

central electrodes are fixed with practically sufficient strengths. On 



the other hand, the noble metallic firing chips on the earth electrodes 
are fixed with practically insufficient strengths. This is caused by 
difference in the fixing condition. That is, the noble metallic firing 
chip on the central electrode is fixed near the body of the spark plug, 
so that thermal stress at the fused junction layer connecting the noble 
metallic firing chip to the central electrode is relatively low. On the 
other hand, the noble metallic firing chip on the earth electrode is 
fixed away from the body of the spark plug. In other words, the 
fused junction layer connecting the noble metal chip to the earth 
electrode is more exposed to the combustion chamber. Accordingly, 
the fused junction layer on the earth electrode is subjected to 
relatively high thermal stress. This may result in development of 
cracks and finally result in disconnection of the noble metallic chip 
from the earth electrode. 

SUMMARY OF THE INVENTION 

The aim of the present invention is to provide a superior 
spark plug and a superior method of producing the same. 

According to the present invention, a first aspect of the 
present invention provides a spark plug comprising: 

a tubular housing; 

a central electrode supported by said tubular housing in said 
tubular housing with electrical insulation therebetween; 

an earth electrode extending from one end of said tubular 
housing; 

a chip, arranged at an end surface of said earth electrode to 
face said central electrode, for providing a spark gap between said 



central electrode and said chip, said chip including a novel metal; 
and 

a fused junction layer between said earth electrode and said 
chip including components of said chip and said earth electrode to 
fix said chip to said earth electrode, wherein a cross-sectional area of 
said chip at a tip thereof on the opposite side of said fused junction 
layer is not less than 0.12 mm 2 and not more than 1.15 mm 2 , and a 
length from said end surface to a top surface of said tip is not less 
than 0.3 mm 2 and not more than 1.5 mm 2 , and wherein said fused 
junction layer has substantially a conical outer surface continuously 
connecting a peripheral outer surface of said chip to said end surface 
of said earth electrode with a radius on a sectional plane along an 
axis of said chip. 

According to the present invention, a second aspect of the 
present invention provides a spark plug based on the first aspect, 
wherein if it is assumed that a maximum width of said chip on a 
sectional plane along said axis is D and that said radius is R, D/4^R 
^3D/4. 

According to the present invention, a third aspect of the 
present invention provides a spark plug based on the first aspect, 
wherein said chip mainly includes Ir and further includes at least 
one of Rh, Pt, Ni, W, Pd, Ru, and Os. 

According to the present invention, a fourth aspect of the 
present invention provides a spark plug based on the third aspect, 
wherein said chip mainly includes Ir and further includes at least 
one of Rh of lower than or equal to 50% by weight, Pt of lower than 
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or equal to 50% by weight, Ni of lower than or equal to 40% by 
weight, W of lower than or equal to 30% by weight, Pd of lower than 
or equal to 40% by weight, Ru of lower than or equal to 30% by 
weight, and Os of lower than or equal to 20% by weight. 
5 According to the present invention, a fifth aspect of the 

present invention provides a spark plug based on the first aspect, 
wherein said chip mainly includes Pt and further includes at least 
one of Ir, Ni, Rh, W, Pd, Ru, and Os. 

According to the present invention, a sixth aspect of the 

10 present invention provides a spark plug based on the third aspect, 
wherein said chip mainly includes Pt and further includes at least 
one of Ir of lower than or equal to 50% by weight, Ni of lower than or 
equal to 40% by weight, Rh of lower than or equal to 50% by weight, 
W of lower than or equal to 30% by weight, Pd of lower than or equal 

15 to 40% by weight, Ru of lower than or equal to 30% by weight, and 
Os of lower than or equal to 20% by weight. 

According to the present invention, a seventh aspect of the 
present invention provides a spark plug based on the third aspect, 
wherein said fused junction layer includes said component of said 

20 chip of not less than 35% by weight and not more than 80% by 
weight. 

According to the present invention, an eighth aspect of the 
present invention provides a spark plug based on the fifth aspect, 
wherein said fused junction layer includes said component of said 
25 chip of not less than 35% by weight and not more than 80% by 
weight. 



According to the present invention, a ninth aspect of the 
present invention provides a method of producing a spark plug 
including a tubular housing, a central electrode supported by said 
tubular housing in said tubular housing with electrical insulation 
therebetween, and an earth electrode extending from one end of said 
tubular housing, comprising the steps of: 

placing said chip including a noble metal on a surface of a tip 
of said earth electrode with contact between an end surface of said 
chip and said surface; and 

welding said chip to said surface by applying a laser beam 
toward a corner made between said surface and a side surface 
neighboring said end surface of said chip at an inclined angle to said 
end surface and said side surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The object and features of the present invention will become 
more readily apparent from the following detailed description taken 
in conjunction with the accompanying drawings in which: 

Fig. 1 is a side elevation view, partly in cross section, of a 
spark plug according to a first embodiment; 

Fig. 2 is an enlarged sectional side elevation view of the spark 
discharge portion of the spark plug shown in Fig. 1; 

Fig. 3 is a sectional side elevation view of the tip portion of 
the central electrode, wherein a noble metal chip is welded; 

Fig. 4 is a sectional view illustrating a bonding structure at 
the tip portion of the central electrode according to the embodiment; 

Figs. 5A to 5E are side elevation views illustrating the 



successive processes of bonding the noble metal chip to the earth 
electrode according to this embodiment; 

Fig. 6 is a graphical drawing illustrating a relation between 
ignitable air-fuel mixture ratio and the length L between a surface of 
the earth electrode and the top surface of the noble metal chip 
according to this embodiment; 

Fig. 7 is a sectional view of the top portion of the earth 
electrode having the noble metal chip with materials and dimensions 
according to this embodiment without the concave slope structure at 
the fused junction layer; 

Fig. 8A is a graphical drawing illustrating a relation between 
the thermal stress level ratio and the radius of the slope of the fused 
junction layer according to this embodiment; 

Fig. 8B is a sectional view of the top portion of the earth 
electrode according to this embodiment; 

Fig. 9 is a graphical drawing illustrating the relation between 
the thermal stress level ration and the ratio of the component of the 
noble metal chip according to this embodiment; 

Fig. 10A is a side elevation view of a modification according 
to this invention; 

Fig. 10B is another side elevation view of the modification 
shown in Fig. 10A; 

Fig. 11A is a side elevation view of another modification 
according to this invention; and 

Fig. 11B is a side elevation view of still another modification 
according to this invention. 
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The same or corresponding elements or parts are designated 
with like references throughout the drawings. 

DETAILED DESCRIPTION OF THE INVENTION 
[FIRST EMBODIMENT] 
5 The spark plug SI according to the first embodiment is used 

in an engine for a motor vehicle. The spark plug SI is inserted into 
a threaded through hole in the engine head (not shown) and screwed 
on to expose its spark gap to the combustion chamber. 

Fig. 1 is a side elevation view, partly in cross section, of a 
10 spark plug SI according to this embodiment. 

The spark plug SI includes a tubular metal housing 10 (a steel, 
such as a low carbon steel) having an inner hole 36 therein and has a 
thread portion 11 for mounting it on the engine head. The housing 
10 supports an insulator 20 made of alumina ceramics (AI2O3) or the 
15 like in the inner hole 36 of the housing 10. A tip 21 of the insulator 
20 is exposed to the space at one end 12 of the housing 10. 

The insulator 20 supports a central electrode 30 in an axial 
hole 22 of the insulator 20, so that the housing 10 supports the 
central electrode 30 with insulation. The central electrode 30 
20 includes an inner material and an outer material around the inner 
material. The inner material includes a metallic material having a 
superior heat conductivity such as Cu. The outer material includes 
a metallic material having a superior heat resistance and a superior 
corrosion resistance such as Ni-base alloy. In this embodiment, the 
25 central electrode 30 has a cylindrical (bar) shape. As shown in Fig. 
1, a tip (end surface) 31 of the central electrode 30 is exposed to the 
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space at one end 12 of the housing 10. 

The spark plug SI further includes an earth electrode 40 
taking a form of a prism (rectangular column) which comprises a Ni 
base alloy mainly including Ni. One end 41 of the earth electrode 
5 40 (a tip side surface 43) substantially confronts the tip 31 of the 
central electrode 30, because the intermediate portion of the earth 
electrode 40 is bent like letter of L. The other end 42 of the earth 
electrode 40 is welded to one end 12 of the housing 10. That is, the 
earth electrode 40 extends from the one end 12 of the housing 10. 
H 10 Fig. 2 is an enlarged sectional side elevation view of the spark 

JjS discharge portion of the spark plug SI. The tip 31 of the central 

"IS electrode 30 faces the tip side surface 43 of the earth electrode 40 

through a discharge gape 50. Moreover, on the end surface 31 of the 
!L central electrode 30 facing the spark discharge 50, a noble metal chip 

f~ 15 35 is welded thereto by the laser welding with forming a fused 

0 junction layer 37, and on the tip side surface 43 facing the discharge 

fiU gap 50, a noble metal chip 45 is also welded thereto by laser welding. 

These noble metal chips 35 and 45 have cylindrical shapes. 
One ends of these noble metal chips 35 and 45 are welded to the end 
20 surface 31 and the tip side surface 43, respectively, by laser welding. 

The noble metal chips 35 and 45 provide the discharge gap 50 
for spark discharge. The discharge distance is about 0. 7 mm for 
example. 

The noble metal chips 35 and 45 comprise Pt, a Pt alloy, Ir, an 
25 Ir allay or the like. For example, each noble metal comprises an Ir 
allay chip mainly including Ir and further includes (is doped with) at 
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least one of Rh, Pt, Ni, W, Pd, Ru, and Os, or a Pt alloy chip mainly 
includes Pt and further includes (is doped with) at least one of Ir, Ni, 
Rh, W, Pd, Ru, and Os. 

More specifically, the Ir alloy chip mainly includes Ir and 
5 doped with at least one of Rh of lower than or equal to 50% by 

weight, Pt of lower than or equal to 50% by weight, Ni of lower than 
or equal to 40% by weight, W of lower than or equal to 30% by 
weight, Pd of lower than or equal to 40% by weight, Ru of lower than 

M or equal to 30% by weight, and Os of lower than or equal to 20% by 

S 10 weight. 

gQ Moreover, the Pt alloy chip mainly includes Pt and doped 

jjj with at least one of Ir of lower than or equal to 50% by weight, Ni of 

j~ lower than or equal to 40% by weight, Rh of lower than or equal to 

50% by weight, W of lower than or equal to 30% by weight, Pd of 
Jjf 15 lower than or equal to 40% by weight, Ru of lower than or equal to 

O 30% by weight, and Os of lower than or equal to 20% by weight. 

In this embodiment, both noble metal chips 35 and 45 use an 
Ir alloy chip having a high melting point and a high wear resistance 
because it mainly includes Ir and doped with least one of Rh, Pt, Ru, 
20 Pd, and W. 

These noble metal chips 35 and 45 can be bonded to the 
central electrode 30 and the earth electrode 40, respectively, by the 
bonding method (laser welding) disclosed in the above-mentioned 
U.S. patent Ser. No. 6,215,235. Fig. 3 is a sectional side elevation 
25 view of the tip portion of the central electrode 30 wherein the noble 
metal chip 35 components as mentioned above is welded by this 
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method. In this example, the noble metal chip 35 is welded to the 
end surface 31 of the central electrode 30 by applying a laser beam to 
a contact portion between the noble metal chip 35 and the end 
surface 31. As a result, the slope on the fused junction layer 37 
5 between the chip 35 and the end surface 31 of the central electrode 30 
on a sectional plane including the axis of the central electrode 30 is 
straight when it is viewed from the lateral direction regarding the 
axis of the central electrode 30. 

In this embodiment, the bonding structure of the chips 35 and 

10 45 are improved to provide a long life and excellent ignitability. Fig. 
4 shows this bonding structure according to this embodiment. 

As mentioned above, one end of the noble metal chip 45 is 
welded to the tip side surface 43 of at the tip 41 of the earth electrode 
40. The noble metal chip 45 has a sectional area at the other end 45c 

15 thereof (an area of the top surface of the chip 45) which is not less 
than 0.12 mm 2 and not more than or equal to 1.15 mm 2 (from 0.12 
mm 2 to 1.15 mm 2 ). Moreover, a length L from the side surface 43 to 
the other end (top surface) 45c of the chip 45 is not less than 0.3 mm 
and not more than 1.5 mm (from 0.3 mm to 1.5 mm). In this 

20 example, to provide this condition, the noble metal chip 45 has a 
cylindrical shape of which diameter D of not less than 0.4 mm and 
not more than 1.2 mm (from 0.4 mm to 1.2 mm). 

Moreover, the slope surface 47a on the fused junction layer 47 
connecting the side surface 45a of the chip 45 to the tip end surface 

25 43 of the earth electrode 41 is curved such that the slope line of the 
slope surface 47a on a sectional plane including the axis AX of the 



noble metal chip 45 viewed from the direction perpendicular the 

sectional plane has a radius R. That is, the fused junction layer 47 

has a concave surface 47a. 

This concave surface 47a is formed as follows: 

Figs. 5A to 5E are side elevation views illustrating the 

successive processes of bonding the noble metal chip 45 to the earth 

electrode 40. 

At first, the noble metal chip 45 is placed on the tip side 
surface 43 of the earth electrode 40 as shown in Figs. 5A and 5B such 
that the one end surface 45b of the noble metal chip 45 contacts with 
the tip side surface 43 without sinking. That is, the surface 45b 
agrees with the tip end surface 43 in level. 

Next, a laser beam 61 is applied to a corner 49 made between 
the tip end surface 43 outside the one end surface 45b and the side 
surface 45a neighboring the one end surface 45b at an inclination 
angle a to the end surface 43 and an inclination angle /? to the side 
surface 45a. This melts portions of the noble metal chip 45 and the 
earth electrode 40 which are fused, so that the fused junction layer 47 
is provided as shown in Figs. 5D and 5E. This operation is done 
intermittently or continuously around the circular corner 49 to 
connect the noble metal chip 45 to the earth electrode 40. 

As a result, the bonding structure in which the noble metal 
chip 45 is connected to the earth electrode 40 through the fused 
junction layer 47 is provided. Moreover, for example, the earth 
electrode 40 is welded to the housing 10, and then, the central 
electrode 30 covered with the insulator 20 is fixed in the housing 10. 
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Next, the earth electrode 40 is bent to form the discharge gap 50. 
This provides the spark plug SI shown in Fig. 1. 
THE REASON FOR DIMENSIONS 

As mentioned above, the sectional area of the tip of the noble 
metal chip 45 is not less than 0.12 mm 2 and not more than 1.15 mm 2 
and the length L is not less than 0.3 mm and not more than 1.5 mm. 
This reason is as follows: 

The inventor had an idea that a thinner diameter of the noble 
metal chip 45 and a longer length extending from the tip side surface 
43 provides easy growth of an ignition fire core. Thus, the inventor 
experimented to provide a favorable ignitability with easy growth of 
an ignition fire core by changing the diameter D and the length L 
between the tip side surface 43 and the top surface 45c. 

At first, the inventor prepared test samples of spark plugs SI 
having various lengths L and then, successively fixed a test sample 
to conduct the experiment. The inventor assumed the tolerance 
limit of the number of times of misfiring for a unit interval to be a 
reference in estimation. Then, the inventor estimates the length L 
with this reference. 

More specifically, the air-fuel mixture ratio is increased from 
the idling condition, and when the number of times of misfiring for 
two minutes reaches two, the inventor assumed the air-fuel mixture 
ratio at this condition as the tolerance limit for actual use (ignitable 
air-fuel mixture ratio). The experiment is conducted at 650 rpm 
with an engine having four cylinders and a cubic capacity of 1.6 
litters. 
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On the side of the central electrode 30, a noble metal chip 35 
having cylindrical shape with a diameter D' of 0.4 mm, the length L' 
extending from the end surface 31 of 0.6 mm is used for example. 
The discharge gap was 0.7 mm for example. 
5 Fig. 6 shows this result. The higher the ignitable air-fuel 

mixture ratio the more possible the lean burning and thus, this 
shows a high ignitability. In Fig. 6, the ignitability increases with 
decrease in the diameter D of the noble metal chip 45. On the other 
hand, the ignitability largely decreases when the diameter D is 

10 increased to 1.3 mm. 

In addition, the ignitability increases with increase of the 
length L of the noble metal chip 45, but the degree of increase in the 
ignitability saturates if the length L is more than 0.3 mm. This 
provides the favorable ignition condition with the diameter D of 

15 lower than or equal to 1.2 mm (corresponding to the sectional area of 
1.15 mm 2 ) and with the length L of higher than or equal to 0.3 mm. 

Here, although the noble metal chip 45 has superior heat and 
wear resistances, the wear resistance decreases if the diameter D 
decreases under 0.4 mm (corresponding to a sectional area of 

20 0.12mm 2 ) because discharge sparks concentrate at a point. In 

addition, if the length L of the noble metal chip 45 extending from 
the tip side surface 43 is equal to or greater than 1.5 mm, the 
temperature of the tip of the chip 45 increases significantly, which 
may melt the noble metal chip 45. 

25 From this, in this embodiment, the noble metal chip 45 on the 

earth electrode 40 has the sectional area of not less than 0.12 mm 2 
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and not more than 1.15 mm 2 (in this example, the diameter D is not 
less than 0.4 mm and not more than 1.2 mm), and the length L is not 
less than 0.3 mm and not more than 1.5 mm. These dimensions 
provide favorable ignitability. 
THE REASON FOR CONCAVING THE SLOPE 

As mentioned above, the slope surface 47a of the fused 
junction layer 47 is concaved to have a radius of curvature R when it 
is viewed from the lateral direction. This structure is provided for 
improving the connection strength. 

If the noble metal chip 45 having the above-mentioned 
dimensions is welded to the earth electrode 40 by laser according to 
the technique disclosed in U.S. patent Ser. No. 6,215,235, the junction 
structure is the same as that of the central electrode 30 shown in Fig. 
3. 

Fig. 7 shows this example, wherein the slope surface 47a' at 
the fused junction layer 47 viewed from the lateral direction 
(horizontal direction in the drawing) is straight. This fused junction 
layer 47 has two obtuse angle corners at boundaries between the side 
surface 45a of the noble metal chip 45 and the slope surface 47a' and 
between the tip side surface 43 of the earth electrode 40 and the 
slope surface 47a'. Thus, thermal stresses concentrate at these 
portions. As a result, cracks may be developed there, so that the 
noble metal chip 45 may be disconnected from the earth electrode 40. 

In consideration of this, the noble metal chip 45 is welded to 
the earth electrode 40 with the slope surface 47a which is concave 
when viewed from the lateral direction as shown in Fig. 4. More 



specifically, the side surface 45a of the noble metal chip 45 is 
connected to the slope surface 47a of the fused junction layer 47 
continuously, and the slope surface 47a is also connected to the side 
surface 43 of the earth electrode 40 continuously. That is, the 
5 connected surface is smooth. This prevents thermal stresses from 
concentrating at boundaries a and b on the surface of the fused 
junction layer 47, the side surface 45a, and the tip side surface 43. 
Accordingly, the magnitude of the thermal stress at the fused 
junction layer 47 is reduced. This increases the strength of 

10 connecting the noble metal chip 45 to the earth electrode 40. 

Here, the inventor assumed the terminal stress at the fused 
junction layer 37 at the central electrode provided by the above- 
mentioned conventional laser welding as shown in Fig. 3 as a 
reference for suppressing the thermal stress at the fused junction 

15 layer 47 on the earth electrode side. 

This is because the connection strength in the central 
electrode 30 is sufficient for actual use as mentioned above. Thus, 
the inventor analyzed the thermal stress at the fused junction layer 
47 with variation of the radius of curvature by FEM (finite element 

20 method). Similarly, the thermal stress at the fused junction layer 37 
on the central electrode side is also analyzed by FEM to provide the 
reference. 

Fig. 8A shows the thermal stress analysis. Here, for analysis, 
the diameters D and D' of the noble metal chips 45 and 35 are 
25 assumed as 1.2 mm and the length L and L' is 1.0 mm, and the noble 
chip components of the fused junction layers 37 and 47 are assumed 
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as 35% by weight. This assumption provides a most sever 
requirement in connection strength. Moreover, it is assumed that 
thermal stresses are developed at portions of the fused junction 
layers 37 and 47 near the central electrode 30 and the earth electrode 
5 40, respectively. 

In the graph shown in Fig. 8A, the thermal stress level on the 
earth electrode side is analyzed with variation of the radius of 
curvature R and is represented by normalizing it with the thermal 
stress level (=1) on the central electrode side, that is, represented 

10 with terminal stress level ratios. At the rightmost of the graph, the 
thermal stress level ratio in the structure shown in Fig. 7 is shown. 
This thermal stress is relatively high because the temperature at the 
earth electrode 40 (for example, 900°C) is higher than that of the 
central electrode 30 (for example, 800°C). 

15 In Fig. 8A, if a radiuses of curvature R providing a thermal 

stress level ratio is 1 or less, this condition can be judged to provide 
improvement in the connection strength and provide actual use 
conditions. That is, the radius of curvature R at the fused junction 
layer 47 on the earth electrode 40 on the sectional plane including the 

20 axis of the noble metal chip 45 is not less than 0.1 mm and not more 
than 1.0 mm (from 0.1 mm to 1.0 mm). 

In Fig. 8A, when the radius of curvature R is lower than 0.1 
mm or higher than 1.0mm, the thermal stress level on the earth 
electrode side exceeds that on the central electrode side. This is 

25 because if the radius of curvature R is lower than 0.1 mm, the slope 
curvature at the fused junction layer 47 is sharp, so that thermal 
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stress concentrates there. If the radius of curvature R is greater 
than 1.0 mm, the difference in the improvement becomes small. 

From this analysis, according to this embodiment, the slope 
surface 47a of the fused junction layer 47 between the side surface 
45a of the noble metal chip 45 and the tip side surface 43 is concave 
on the sectional plane including the axis AX with a radius of 
curvature R. The radius of curvature R which is not less than 0.1 
mm and not more than 1.0 mm. 

Moreover, the radius of curvature R is further defined in this 
embodiment. Fig. 8B is a sectional view of the tip portion of the 
earth electrode 40. In Fig. 8B, if the radius of curvature R is made 
smaller, a depth d of melted portion (a thickness of the fused 
junction layer 47 in a direction perpendicular to the axis AX) may be 
insufficient. 

The inventor experimentally knows that the depth d should be 
equal to D/4 or higher to provide sufficient connection strength 
between the noble metal chip 45 and the earth electrode 40. Here, D 
is the maximum width of noble metal chip 45 on the sectional plane 
including the axis AX. In this example, since the noble metal chip 
45 has a cylindrical form, so that D agrees with the diameter of the 
noble metal chip 45. 

Increase in the depth d increases a nugget width W because 
the welding energy is higher. This result in increase in the radius of 
curvature R, so that the improvement in the thermal stress becomes 
low. On the other hand, decrease in the radius of curvature R 
decreases the nugget width W. This reduces the depth d, so that the 
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connection strength becomes insufficient. 

Then, the inventor experimentally confirmed that the radius 
of curvature R when d = D/4 (the necessary minimum depth) 
provides necessary minimum connection strength. According to 
this embodiment, D of the noble metal chip 45 on the earth electrode 
side is not less than 0.4 mm and not more than 1.2 mm. The 
inventor obtained the radius of curvature R satisfying the condition 
of d = D/4 within this range of D through an experiment. As the 
result, R = D/4 (Dxl/4). 

Moreover, from an FEM analysis, it is favorable that R is 3D/4 
(D x 3/4) to provide the favorable radius of curvature R according to 
this embodiment. Accordingly, both to provide the favorable radius 
of curvature R to suppress thermal stress and to provide the 
connection strength with the fused junction layer 47, if the maximum 
width of the noble metal chip 45 on the sectional plane including the 
axis AX is D, the radius of curvature R of the fused junction layer 47 
is favorably not less than D/4 and not more than 3D/4 (D/4^R^ 
3D/4). 

Moreover, according to this embodiment, it is favorable that 
the component of the noble metal chip 45 at the fused junction layer 
47 is not less than 35% by weight and not more than 80% by weight 
(from 35% by weight to 80% by weight). 

THE REASON FOR RATIO OF NOBLE METAL CHIP COMPONENT 

The connection strength varies with the ratio of the 
components of the noble metal chip 45 in the fused junction layer 47 
because the fused metal layer 47 is provided as the result of blending 
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(alloying) the noble metal chip 45 with the material of the earth 
electrode (Ni base metal) 40. Thus, the connection strength varies 
with the ratio of the components of the noble metal chip 45. Then, 
the inventor conducted an FEM analysis about the relation between 
5 the ratio between the noble metal chip component and thermal stress. 
Fig. 9 shows an example of the analysis result. In this 
analysis, an Ir alloy chip is used as the noble metal chip 45 on the 
earth electrode 40. The graph in Fig. 9 represents a relation 
between the ratio of the Ir alloy component (% by weight) in the 
10 fused junction layer 47 and the thermal stress level, that is, thermal 
m stress at the earth electrode 40 with assumption that the thermal 

Lpl stress level in the central electrode is one. In Fig. 9, dots represent 

j~: thermal stress level ratios at the point a at fused junction layer 47 in 

p Fig. 4, that is, the boundary between the noble metal chip 45 and the 

n 15 fused junction layer 47. Circles in Fig. 9 represent thermal stress 

-war 

fl : level ratios at the point b at fused junction layer 47 in Fig. 4, that is, 

Jjf the boundary between the fused junction layer 47 and the earth 

its;? 

m electrode 40. 

In Fig. 9, normalization is made with the thermal stress at the 
20 central electrode. Thus, the diameter D' and length L' of the noble 
metal chip 35 on the central electrode 30 are equalized to the 
diameter D and length L of the noble metal chip 45 on the earth 
electrode 40, respectively. Moreover, the ratio of the chip 
component in the fused junction layer 37 on the central electrode 30 
25 is selected at the lowest value for actual use, that is, 35% by weight 
in this example. Moreover, in this example, both noble metal chips 
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35 and 45 include Ir of 90% by weight and Rh of 10% by weight, 
although these values are not essential. 

From the result shown in Fig. 9, to suppress the thermal stress 
at point a (the boundary between the noble metal chip 45 and the 
5 fused junction layer 47), the ratio of the component of the noble 
metal chip 45 more than 35% by weight is preferred. On the other 
hand, to suppress the thermal stress at point b (the boundary 
between the fused junction layer 47 and the earth electrode 40), the 
ratio of the component of the noble metal chip 45 lower than 80% by 
J* 10 weight is preferred. 

y In addition, because the noble metal chip 45 on the earth 

CO electrode 40 is further exposed to the combustion chamber, in other 

W words, the noble metal chip 45 is far from the housing 10 (heat sink), 

s the noble metal chip 45 has a higher temperature than the earth 

|v& 15 electrode 40, the thermal stress at the boundary between the noble 

W 

f3 metal chip 45 and the fused junction layer 47 is higher than that at 

2y the boundary between the fused junction layer 47 and the earth 

electrode 40. Accordingly, in selecting the ratio of the component of 
the noble metal chip in the fused junction layer 47, the thermal stress 
20 at the point a is mainly considered preferably. 

As mentioned above, according to this embodiment, in a laser 
welding for bonding the noble metal chip 45 to the earth electrode 40, 
the diameter D and length L of the noble metal chip 45 on the earth 
electrode are specified to improve the connection strength with 
25 sufficient ignitability. 

Moreover, according to this embodiment, the process shown 
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in Figs. 5A to 5E provides the laser welding structure with a superior 
connection strength by forming a smooth surfaces at points a and b. 
[MODIFICATIONS] 

This invention is applicable to a spark plug including sub- 
earth electrodes 40a in addition to the central electrode 30 and a 
main earth electrode 40 forming a spark gap therebetween. Fig. 10A 
shows a partial side elevation view of this spark plug. Fig. 10B 
shows another side view of the discharge portion of the spark plug 
viewed from the direction A shown in Fig. 10A. 

In this spark plug, the noble metal chi 45 has the dimensions 
as mentioned above and is welded as mentioned above. Thus, this 
spark plug has a superior connection strength of the noble metal chip 
45 on the earth electrode 40 with sufficient ignitability. Moreover, 
this modified spark plug further provides a carbon-contamination 
resistance. 

Moreover, the use of a material obtained by doping Al of 
1.5 % by weight to a Ni base alloy such as inconel (registered 
trademark) for the earth electrode 40 provides a spark plug with 
high ignitability and high heat and oxidation resistances. 

Fig. 11A shows another modification. In this modification, 
the earth electrode 40 includes a Cu 40b member and a covering 
material 40c made of a Ni base alloy covering the Cu member 40b. 
This structure improves the heat conductivity of the earth electrode 
40, so that the heat and oxidation resistances are improved. 

Fig. 11B shows still another modification. This spark plug 
further includes a core material in the Cu material 40b. That is, the 
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Ni material 40 d is covered wit the Cu material 40b, and this 
further covered with the covering material 40c to provide an 
improved earth electrode. 



